Non-classical correlation of cascaded photon pairs emitted from quantum dot 
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We studied the quantum correlation of the photon pairs generated by biexciton cascade decays 
of self-assembled quantum dots, and determined the correlation sudden-change temperature, which 
is shown to be independent of the background noise, far lower than the entanglement sudden-death 
temperature, and therefore, easier to be observed in experiments. The relationship between the fine 
structure splitting and the sudden-change temperature is also provided. 
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I. INTRODUCTION 

It is impossible to overestimate the role, which entan- 
gled photon pairs have played and continue to play in 
the field of quantum communication and quantum in- 
formation P, Polarization entangled photon pairs 
are routinely produced by nonlinear optical effects, pre- 
dominantly by parametric down-conversion process Q, 
of which entanglement dynamics has been investigated, 
and many extraordinary results have been obtained, such 
as entanglement sudden death (ESD) and sudden 

birth dt3|, etc. 

The proposal that the biexciton-radiative cascade pro- 
cess in a single quantum dot (QD) provides a source of 
polarization entangled photon pairs was first made by 
Benson et al. [§[, and has been realized by Stevenson et 
al. and Akopian et al. [H, [l(| ■ Several tests have also 
been performed on the state of the photon pair to study 
the entanglement behavior [lj [l2| . 

However, recent works show that, even without en- 
tanglement, there are quantum tasks fl3l - [l5j superior to 
their classical counterparts. This is due to their nonzero 
quantum correlations, introduced by Henderson and Ve- 
dral , which describes all the non-classical correlations 
in a state, while entanglement is only a special part of 
the correlations. Recently, some special results have been 
obtained for quantum correlation, such as sudden change 
in the evolution, that is the derivation of quan- 
tum correlation is not continuous at some points as it 
evolves with time. 

In this work, we use the model that we presented in 
Ref. [20j to investigate quantum correlation dynamics of 
the photon pairs generated from a QD. When we consider 
the influence of the temperature of the QD system, a 
special temperature has been found, at which the behav- 
ior of quantum correlation suddenly changes. Our study 
also indicates that this temperature is independent of the 
background noise and lower than entanglement sudden- 
death temperature. Therefore, the sudden-change behav- 
ior of correlation may be easier to be observed in exper- 



iments. 

The paper is organized as following. In Sec.|Hl we 
briefly introduce the model of QD and the method that 
we used to calculate the quantum correlation of the pho- 
ton pair. The result is described in Sec. Mil We present 
our conclusion in Sec.lIVI 



II. MODEL AND METHOD 

The model of the biexciton cascade process in a QD 
is presented in FigureQ] A single QD is initially excited 
to the biexciton state, involving two electrons and two 
holes by a short-pulsed laser, and subsequently evolves 
freely. A biexcton photon Hxx or Vxx is emitted as 
the dot decays to an exciton (X) state by recombining 
one electron and one hole. The polarization of the biex- 
citon photon is either horizontal (H) or vertical (V), in 
accord with the decay into the exciton state Xh or Xy, 
respectively. After some time delay r, the other electron 
and hole recombine to emit an exciton photon Hx or Vx 
with the same polarization as that of the earlier biexci- 
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FIG. 1: Energy level schematic of the biexciton cascade pro- 
cess, the ground state G (|0)), the two linear polarized exciton 
state Xh (|2)) and Xv (|1)) and the biexciton state XX (|3)). 
The spontaneous emission process is marked by 7^ (712 and 
721 are phonon assisted transition rates). 
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FIG. 2: (color online). Values of the classical correlation (dotted line), quantum correlation (solid line), and the mutual 
information (dashed line) as a function of temperature with fixed evolution time r g — 0.5 ns, and gate width w g — 0.1ns. (a) 
without background noise, g = (b) with background noise, g — 0.45. 



ton photon. Therefore, this process generates entangled 
two-photon state [2TJ] 

I*) = -^(\H XX H X ) + e lST \VxxVx)) (1) 
v2 

with S the energy splitting between the exciton states, 
as shown in Fig. [I] which has conventionally been called 
the "fine structure splitting" (FSS), and can be tuned by 
a lot of methods in experiment |22h25I|. 

Due to this FSS being about tens of peV, it is necessary 
to consider the phonon assisted transition between the 
two exciton states (Xff and Xy) in the process. In this 
system, the phonon absorption rate is 712 = kNb and the 
emission rate is 721 = k(Nb + 1), where k is the phonon- 
QD interaction rate, which is approximately proportional 
to the cube of the energy splitting S [26$ . and Nb is the 
Bose distribution function of a phonon with energy S, 
Nb = [exp(iS , //cBT) — In experiment, in order to 

overcome the influence of FSS, a time gate can be used 
to select the exciton photon with only a short emission 
delay r g < r < (T g + w g ) relative to the biexciton photon, 
which has been carried out by Stevenson et al. [2ll |. 

In our calculation, we assume the total polarization 
density matrix p po \ of the cascaded emission photon in- 
cludes three parts: the one with non-classical correlations 
pi whose portion 77 is determined by the spectrum over- 
lap of exciton and biexciton photons, the distinguished 
part pi and the background noise fa, 

p P o\ = -7—— [vpi + (1 - v)h + gfcl (2) 
1 + .9 

The elements of p\ can be derived by master equation 
method and quantum regression theorem which is pre- 
sented in Ref. [2fjj . The second term p 2 has the same 
diagonal elements with pi, but its nondiagonal elements 
are all zero. The noise term p 3 is set as an identity ma- 
trix. 



To obtain quantum correlation, classical correlation 
must be acquired first, which is defined as [13, H3 

C(Ppoi) = max[S(p xx ) - S { n 3 }(p xxlx )}, (3) 

where the maximum is taken over the set of projective 
measurements {IF,-} on the subsystem of exciton pho- 
ton, S {n . } (p xxlx ) = Y.j<H S (P 3 xx ) is the conditional 
entropy of the subsystem of biexciton photon, given 
the knowledge (measure) of the state of the exciton 
photon, p> xx = TT x (U 3 p po iU j )/q J , qj = Tr(p po iIIj), 
Pxx(x) — Tr xx(x) (Ppoi) is the reduced density matrix 
of the biexciton (exciton) photon, and S(p xx(x) ) = 
— Tr(/5 XX(X) log 2 P xx{x) ) is the Von Neumann entropy of 
Pxx(x) ■ Then quantum correlation is obtained by sub- 
tracting C from the quantum mutual information which 
denotes the total correlation, that is 

Q(Ppoi) = Z(Ppoi) ~ CQSpoi), (4) 

where X(p po i) = S(p xx ) + S(p x ) - S(p pol ). 

In all the calculations, the temporal window width w g 
is fixed at 0.1ns, short enough to select entangled pho- 
ton pairs. Because this short temporal window is equiv- 
alent to about 41 peV in the energy domain according to 
Fourier transform, which is far larger than the FSS that 
we set, thus it can not resolve the which-path information 
within the cascade emission process. 

III. RESULTS 

The correlations dynamic with respect to the temper- 
ature is shown in Fig.O We set FSS as 2.5 pieV and 
fix the emission delay r g at 0.5 ns, which is shorter than 
the exciton lifetime (~ 0.8 ns) and can be recognized as 
the evolution time of the system. We compare two con- 
ditions: (a) without background noise (g = 0) and (b) 
with a large background noise (g = 0.45). The factor g 
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FIG. 3: (color online). Values of the classical correlation (dotted line), quantum correlation (solid line), and the mutual 
information (dashed line) as a function of emission delay r g at the temperature of 10K. (a) without noise (b) with noise. 



discussed in Ref. [20| represents the portion of the noise. 
In both of the conditions, the correlations of the photon 
pair reduce monotonically with temperature, due to the 
faster phonon assisted transition rate 71 and 72 at raised 
temperature resulting in the larger decoherence. 

An interesting phenomenon is that the quantum cor- 
relation decreases slowly at low temperature, but the 
decreasing rate changes to be fast suddenly when the 
system reaches to a critical temperature, T c , indicated 
by the arrow in the figures, which we call the sudden- 
change temperature. At T c , the first order derivative of 
the function of the quantum correlation behavior is not 
continuous. Moreover, T c is almost the same for both of 
the two conditions, indicating that the evolution behav- 
ior of quantum correlation is independent of the back- 
ground noise. This can be understood from the defini- 
tion of quantum correlation in Eqs. ([3]), and (j4]). The 



noise part of the matrix is an identity matrix, which only 
reduces the correlation, but does not influence its deriva- 
tion. Here we also notice that the quantum correlation 
may be greater than the classical one at some tempera- 
tures, for example, at the critical temperature. 

In Fig.[3l the behavior of correlations with increased 
emission delay r g is similar to that in Fig.O No matter 
whether there is background noise, the phenomenon of 
quantum correlation sudden-change still takes place at 
the same point of emission delay. 

It is worth mentioning that this peculiar sudden- 
change behavior is different from ESD. Indeed, we have 
shown this system also undergoes ESD [2(|] , but at a dif- 
ferent temperature Td. 

To see more about the correlation sudden-change tem- 
perature T c and ESD temperature Td, we plot them as 
a function of the emission delay r g , as shown in Fig. 21 
where T<j is found much higher. For r g near to zero, both 
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FIG. 4: (color online). Critical temperatures as a function 
of emission delay. T c and Td represent the sudden-change 
temperature of correlation and sudden-death temperature of 
entanglement, respectively. The other parameters are FSS 
S — 2.5 fieV, and temporal window w g = 0.1 ns. 
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FIG. 5: (color online). Correlation sudden change tempera- 
ture (T c ) and entanglement sudden death temperature (Td) as 
a function of FSS. Emission delay r g — 0.5 ns, and temporal 
window w„ =0.1 ns. 
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of the critical temperatures are higher than 60 K, and 
they decrease rapidly. At the beginning, T c decreases 
faster, but when the emission delay is longer than 0.5 ns, 
the decreasing rate apparently becomes slow. Moreover, 
as we have mentioned above, T c is independent of the 
background noise, but Td is lower for larger noise. 

In Fig.[5J we show the critical temperatures depending 
on FSS. Obviously, the entanglement sudden-death tem- 
perature decreases fast from a large value, however, the 
correlation sudden-change temperature is always around 
10 K, and decreases slightly. All the phenomenon indi- 
cate that quantum correlation sudden-change tempera- 
ture can be hardly influenced by the non-quantum fac- 
tors, but is determined by the phonon assisted process. 

Comparing the phenomenon of correlation sudden 
change and ESD in this system, we find the former may 
be easier to be observed in experiment, because it is 
weakly dependent on the noise and FSS, and the crit- 
ical temperature is much lower resulting in better signal 
to noise ratio to reconstruct the polarization matrix of 
the photon pair by means of quantum state tomography 
28]. However, to observe ESD, a large FSS is needed, 



which makes the degree of entanglement extremely low 
and request much higher accuracy in experiment. 



IV. CONCLUSION 

In conclusion, we have calculated the quantum corre- 
lation of the photon pair emitted from quantum dots, 
and considered how the temperature, evolution time and 
FSS affect the quantum correlation of the photon pair. 
We found the phenomenon that quantum correlation be- 
havior suddenly changed at a critical temperature. This 
critical temperature is independent of the background 
noise in the system and is weakly dependent on the FSS 
of a QD. Moreover, the temperature is low enough for QD 
to emit cascaded photon pair with more correlation and 
entanglement, which makes sudden-change of correlation 
easier to be observed in experiments. 
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